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Global mapping of flux and microbial
sources for oceanic N2O

Shuo Wang 1,4, Jilin Huang1,4, Zhen Wu 1,2, Shengjie Li 3, Xianfang Zhu1,
Yong Liu 1 & Guodong Ji 1

The ocean is the largest source of N2O emissions from global aquatic eco-
systems. However, the N2O production–consumption mechanism and micro-
bial spatial distribution are still unclear. Our study established a bottom-up
model based on the source‒sink boundary and themicrobial sources of N2O. A
high-resolution (0.1°) global distribution of oceanic N2O was depicted, con-
firmed by approximately 150,000 surface measurements. The microbial N2O
flux is 2.9 Tg/yr N-N2O, with the oxygen-deficient zones (ODZs) dis-
proportionately accounting for more than half of the total emission. High
primary productivity, sharp oxyclines, and shallow emissiondepths caused the
ODZs to be N2O hotspots. Geographically, ammonia-oxidizing archaea (AOA,
1.0 Tg) are the most widely distributed contributors to N2O emissions in the
ocean, completely overtaking ammonia-oxidizing bacteria (AOB). Hetero-
trophic denitrification,mainly occurring inODZs, contributes themost (1.6 Tg)
to N2O emissions. Overall, this study offers a bottom-up framework for
understanding microbial source-sink mechanism in the ocean.

Nitrous oxide (N2O), one of the most important greenhouse gases and
the greatest human-related threat to the ozone layer, has increased
substantially, by over 23%, since preindustrial times1. As a long-lived
(116 ± 9 years) greenhouse gas, nitrous oxide (N2O) is 265-298 times
higher than CO2 in the global warming potential on a 100-year
timescale2. Oceans are among Earth’s largest sources ofN2Oemissions,
second only to natural soils and agriculture (IPCC). Although the
amount of oceanic emissions has been well constrained3,4, current
estimates are usually based on air‒sea flux (ΔpN2O)

3,5 or simple semi-
empirical equations6–8; thus, the N2O production‒consumption
mechanism and spatial distribution of microbial N2O sources in
oxygen-stratified oceans are still unclear9,10.

N2O emissions are microbially driven and highly oxygen sensitive
in the ocean, leading to high heterogeneity in ΔpN2O. However, the
coverage of ΔpN2O data is generally limited and in broad ranges,
uncertainties inevitably widen when extrapolating ΔpN2O data to the
global scale3. Moreover, sources and sinks coexist in the oxygen-

stratified ocean11–13, and surface-based measurements cannot reflect
the production and consumption of N2O in the deep layers. Therefore,
how N2O is emitted from the ocean, how deep the source‒sink
boundary is, and how it evolves cannot be explained, especially under
the effects of increased stratification and deoxygenation expansion14.

Most quantitative analyses of N2O microbial sources are con-
ducted at the regional scale11,12 or on the basis of semiempirical equa-
tions of nitrification and denitrification6–8,10, which do not consider the
niche separation of N2O-related microbial processes in different eco-
logical niches6–8. For example, ammonia-oxidizing archaea (AOA) have
greater affinity for substrates and compete for ammonia-oxidizing
bacteria (AOB) in the NH4

+-limited ocean15,16. Nevertheless, several
studies have reported the contribution of AOB to marine N2O emis-
sions via nitrifier denitrification (NDN)17. Under hypoxic or anoxic
conditions, N2O is produced as an intermediate during heterotrophic
denitrification (HDN), with organic matter as the electron donor10,18.
However, the quantification and spatial distributions of these
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microbeswith respect toN2O emissions have not beenwell depicted in
the ocean9,10.

In this study, we established a bottom-up model based on the
source‒sink boundary and the microbial sources of marine N2O.
Extensive literature research has been conducted to obtain the geo-
chemical profiles of DO and N2O concentrations and isotopic sig-
natures (δ15NBulk, δ18O and δ15NSP) at in situ locations (approximately
1000 lines of data), along with the isotopic characteristic values for
each N2O production pathway (i.e., AOA, AOB, HDN, and NDN). We
identified the source‒sink boundary of N2O via global oxygen stratifi-
cation (up to 5000m) in the water column. FRAME model was then
used to quantify the specificmicrobial contributions to N2O emissions
and N2O reduction degree19. Finally, the ammoxidation (ammonia
oxidation) flux, N2O yield during ammoxidation (N2O-N/NH4

+-N),
quantified N2O microbial sources and fraction of residual unreduced
N2O (rN2O) were combined as constraints to accurately estimate global
marine N2O emissions. The results have been confirmed by a large
compilation of N2O in situ measurements (approximately 150,000)3.
Overall, our results present a detailed spatial distribution of marine
N2O emissionswith a source‒sinkmechanismandquantifiedmicrobial
sources.

Results and discussion
N2O source‒sink boundary in the ocean
Due to the limit of light, the decomposition of organic matter or the
poor mixing and ventilation, the ocean is oxygen-stratified. Earlier
studies have revealed maximum N2O concentration in the oxygen
minimum zones of the ocean11,20,21. N2O has a perfect mirror-image
relationship with DO and reaches its highest concentration at the
lowest amount of dissolved oxygen (Supplementary Figs. 2–11)11,22.
Regardless of the upwelling, the source‒sink boundary of N2O, below
which the water column does not contribute to N2O emissions, was
identified by a comprehensive grid-by-grid (0.1°) traversal of DO up to
5000m in the ocean (Fig. 1). In oxygen-deficient zones (ODZs), DO
decreases to anaerobic levels (minimum O2 ≤ 10μM) at shallower
depths (387.9m on average, Fig. 1b). In addition to the three major
ODZs (Fig. 1c), namely, the Eastern Tropical North Pacific (ETNP),
Eastern Tropical South Pacific (ETSP), and Arabian Sea, we also found
some sporadic ODZs in the North Pacific Ocean, indicating the
potential hotspots of N2O emissions. The upper oxycline (UO), with a
N2O peak at the oxic‒anoxic interface (Supplementary Fig. 2–5), is the
engine driving N2O diffusion to the mixed layer (ML). The sharp oxy-
cline creates favorable conditions for incomplete denitrification and
nitrification with high N2O yields, driving high supersaturation and
fluxes of N2O at the surface11,23. Additionally, a stable proportionality of
0.45 and 2.58 for the plot of δ18O versus δ15NBulk (R2 = 0.52, Supple-
mentary Fig. 12) was observed above and below the source‒sink
boundary, respectively. In general, a strong correlation with slopes of
2.6 is evident when reduction process dominates, which contrasts
from a slope of <1 commonly observed for mixing of N2O production
and atmospheric N2O

24–26. The slope of 0.45 proved the production,
mixing and emission of N2O in the source part. In contrast, the slope of
2.58 confirmed the significant net N2O consumption in the ODZ core.
Thereby the N2O concentration simultaneously decreased to 0 at the
middle of ODZ core (Fig. 1a). Furthermore, the isotopic composition of
N2O in the ODZ core is significantly different from that in the source
layer, further ruling out vertical exchange with the source layer.
Therefore, the long-term and large-scale anaerobic areas ensure net
N2O consumption in the ODZ core, which acts as the sink of N2O. In
other oceans, the N2O peak was also observed at the lowest point of
oxygen (Supplementary Fig. 6–11), although the boundary DO ranged
from 10 μΜ to more than 300 μΜ (Fig. 1c). In the vast North Pacific
Ocean and equatorial regions, the boundary DO is less than 50 μΜ,
accompanied by a shallow boundary depth (less than 1000m),
favouring excessive N2O production and emission. A deeper source‒

sink boundary has been found in the North Atlantic and Southern
Oceans. The boundary DO increased to more than 300 μΜ with the
boundary depth reaching 2000 m. Overall, the source‒sink boundary
of N2O in the ocean was identified (Fig. 1), and the water column below
the source‒sink boundary does not contribute to atmospheric emis-
sions; therefore, it was excluded from the remainder of this study.

Microbial processes governing N2O production and
consumption
To quantify the microbial sources of N2O and the fraction of residual
unreduced N2O (rN2O) in the source part, the isotopic N2O values
obtained fromKeeling plot (Supplementary Figs. 13–22), the corrected
isotope signatures of themicrobial sources (Supplementary Table 1-2),
and the isotopocule fractionation constants (i.e., εN: −15.4 ± 4.7, εO:
−7.1 ± 2.1, and εSP: −5.9 ± 1.4) for N2O reduction process were input to
themodel FRAME (Supplementary Fig. 23). In this study, four common
microbial sources (HDN, NDN, AOB, AOA) and rN2O was quantified
(Supplementary Fig. 24, Supplementary Table 3). The linear regression
relationships between N2O microbial sources and boundary DO were
uniformly adopted for extrapolation to global oceans (Supplementary
Fig. 25, Fig. 2).

The primary productivity, substrate availability, boundary depth,
and DO together determine the niche distribution of each N-cycling
microorganism in the ocean. AOA dominate the nitrification pathway,
contributing 34.1% of the N2O in the ocean (Table 1), which is the
dominant N2O production pathway in the North Atlantic and Southern
Oceans. Although both of themare chemoautotrophic processes, AOA
have a greater affinity for NH4

+ and oxygen20,22,27. Thereby, AOA
exceeds AOB in NH4

+-limited oceans with sharp oxyclines, while the
contribution of AOB increases in high-latitude regions with high-
oxygen (e.g., the Arctic Ocean and Antarctic Oceans). The isotopic
signatures of N2O in the Arctic Ocean have proved the important role
of both AOA and AOB to N2O productions12. In the ODZs, AOB are
completely depleted (2.2%) because of phytoplankton competition,
rapidly decreasing oxygen gradients, and surface light inhibition
derived from shallow boundary depths. HDN, fueled by organicmatter
exported from the photic zone, is the dominant N2O production
pathway in the North Pacific Ocean and equatorial regions. It further
increases to 63.3% in ODZs because the abundant organic electron
donors and sharpoxyclines create favorable conditions for incomplete
denitrification. Notably, the contribution of denitrification is still
considerable even if DO does not reach the anaerobic level in the open
ocean. It is possibly associated with organic particles; the interior of
sinking particles can afford a low-DOmicroenvironment20. On a global
scale (Fig. 2), the contribution of denitrification (HDN+NDN) to N2O
emissions is 61.1% (Table 1), nearly two-fold greater than that of nitri-
fication (AOA+AOB). HDN is the first contributor to oceanic N2O
emission, whereas AOA are the most widely distributed contributor in
the ocean.

Global distribution of N2O flux in the ocean
To obtain the global N2O flux in a year scale (Tg N2O-N/yr), we first
calculated the N2O emissions by AOA (N2OAOA) in each grid on the
basis of the ammoxidation flux (ammonia oxidation amount in a year
scale), N2O yield during ammoxidation (N2O-N/NH4

+-N), and the frac-
tion of residual unreduced N2O (rN2O, Supplementary Fig. 25e). The
total N2O flux was then obtained according to its proportion to total
production in each grid (e.g., N2OAOA/fAOA; see Methods for details). It
is worth noting that the fraction of residual unreduced N2O (rN2O)
determines the net emission of N2O. We established the empirical
formula between the rN2O and the boundary DO (Supplementary
Fig. 25e). As the boundary DO rises, there is initially an increase in rN2O,
followed by a subsequent decline. In ODZs with micro-oxic environ-
ment, the N2O production and reduction are both active. As the
boundary DO increases, the N2O reduction is prior to be inhibited as
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nitrous oxide reductase (nos) is the most O2 sensitive denitrifying
enzyme28, leading to the increase of rN2O. However, the data obtained
in the shallow Arctic Ocean and off the coast of Antarctica gave rN2O
values as low as 20% in spite of high boundary DO (Supplementary
Fig. 25e)3,12,29. This implies that a significant portion of the N2O pro-
duced in situ or diffused from the atmosphere is reduced by deni-
trification in sediments12.

The annual N2O flux is 2.9 Tg/yr N-N2O (Fig. 3, Table 1), the dis-
tribution of which is in line with primary production pulses. On aver-
age, the turnover rate of phytoplankton (growth, death, and
mineralization) is 45 times a year30, providing never-endingNH4

+, NO3
-,

and organic matter for the continuous production of N2O via nitrifi-
cation and denitrification. Furthermore, the decay of phytoplankton
creates the anaerobic environment for the significant production of

N2O. Therefore, the oceans around the equator contribute themost to
marine N2O emissions, where ODZs disproportionately account for
more than half of N2O emissions (1.6 Tg N-N2O) with only 0.1–0.2% of
the ocean volume31. A higher flux of N2O has also been observed in
other oceans with high primary productivity, e.g., the Gulf of Guinea,
Bay of Bengal, Gulf of Mexico, and Indonesia. In contrast, slight
supersaturation and occasional undersaturation are predicted in the
open Arctic Ocean and Southern Ocean, with limits on light and tem-
perature at high latitudes. With respect to microbial sources (Table 1),
the contribution of denitrification is almost twofold greater than that
of nitrification. Traditional HDN is the largest contributor (1.6 Tg) to
N2Oemissions in the ocean, whichmainly occurs inODZs (1.0 Tg). AOA
are the most widely distributed contributors (1.0 Tg) in the NH4

+-lim-
ited ocean and completely overcome AOB (0.1 Tg) to N2O emissions.

Fig. 1 | N2O emissionmechanism in the ocean. a The simultaneous changes in DO
andN2O in the ocean are represented by blue and reddotted lines. The source‒sink
boundary of N2O, where N2O reaches its highest value and below which the water
column does not contribute to N2O emissions, is identified by a comprehensive
grid-by-grid (0.1°) traversal of DO up to 5000m in the ocean. The areas with
minimum O2 ≤ 10 μΜ are defined as oxygen-deficient zones (ODZs), comprising a
mixed layer (ML), upper oxycline (UO), ODZ core (OC), and lower oxycline (LO).

The DO generally remains stable ( > 200 μΜ) in the ML and sharply decreases to
zero in the UO; while it remains the lowest (O2 ≤ 10μΜ) in the ODZ core and then
increases from the LO. The oxic-anoxic interface occurs at the source-sink
boundary in ODZs. b, c The distribution of depth and DO at the source‒sink
boundary of N2O, which was identified at the lowest point of oxygen. Source data
are provided as a Source Data file.
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The niche separation driven by primary productivity, substrate
availability, boundary depth and DO, finally determines the N2O
emission patterns and flux in different marine habitats. Therefore,
future ODZ expansion32 will certainly result in more N2O emissions,
while a decline in global primary production7,8 inversely reduces N2O
emissions. Whether N2O flux increases is still an open question, which
must be closely monitored, especially in the ODZ areas. More impor-
tantly, sporadic ODZs and widespread hypoxia have been observed in
the North Pacific. As frigid waters become warmer with global warm-
ing, carbon fixation and the nitrogen cycle accelerate30, potentially
shoaling the source‒sink boundary and forming new ODZs with sub-
sequent N2O hotspots. Additionally, it has been reported that the
increase in N2O emissions has not corresponded with external inputs
in recent decades33. In fact, the internal N cycle played a far more
important role in N2O production than did external inputs because of
its large contribution to ammoxidation flux and organic matter.
Therefore, coastal emissions are not comparable to those of naturally
occurring ODZ areas in the ocean4.

Our results agree with previous estimations (Supplementary
Table 4) from ocean biogeochemistry models4,6,9,10 but are slightly
lower than those from empirical based methods and surface ocean

data3,34. Our model considers the major microbial sources of N2O, but
several microbial or chemical processes, e.g., autotrophic denitrifica-
tion or chemical denitrification35,36, have not been integrated into the
model. More efforts need to be made in cultivation to obtain com-
prehensive and accurate values of the isotopic characteristics of N2O
sources. Additionally, more in situ isotope measurements are neces-
sary to constrain the highly variable relationship between microbial
activity and boundary DO, so as to improve the accuracy of the
extrapolation. Our static model might also underestimate the impact
of upwelling, where coastal upwelling flux brings bottom water to the
surface, a large amount of N2O that should have been reduced is
eventually released into the atmosphere22. Although some deficits
exist in this model, its reliability has been confirmed by a large com-
pilation (approximately 150,000) of N2O in situ measurements at the
global scale (Supplementary Fig. 28, R2 = 0.51, in quantiles)3. For
example, the N2O emissions from three major ODZs are significant.
The Pacific Ocean, in particular, has a symmetrical triangular emission
distribution. The measured values agree with the predicted values for
other regions with high productivity, such as the Gulf of Guinea, Bay of
Bengal, and Indonesia. Some details, such as significant emissions in
the Baltic and North Pacific Oceans and weak emissions in the North
Atlantic, further confirm our results. Our study highlights the impor-
tant role of the N2O source‒sink boundary and quantified microbial
sources in the estimation of marine N2O. This new framework will
deepen our understanding of the oceanic N2O emission mechanism
from the bottom up. More importantly, it can be further refined with
more observations to better characterize and predict the spatio-
temporal dynamics of oceanic N2O under a changing climate.

Methods
Data introduction
A literature search was conducted via bibliographic databases (e.g.,
Webof Science, GoogleScholar, etc.) for papers containingN2Oand its

B

HDN NDN

N

Fig. 2 | The spatial distribution of N2O microbial sources (fn, n =AOA, AOB,
HDN, and NDN) in the ocean. The linear relationships between microbial sources
and boundary DO were adopted for extrapolation to the global scale (Supple-
mentary Fig. 25a-d). Additionally, a nonlinear relationship for AOBwas also applied

in the extrapolation (Supplementary Fig. 26). Abbreviations: ammonia-oxidizing
archaea (AOA), ammonia-oxidizing bacteria (AOB), nitrifier denitrification (NDN),
heterotrophic denitrification (HDN). Source data are provided as a Source Data file.

Table 1 | Microbial contribution (%) to N2O emissions and N2O
flux (Tg N2O-N/yr) in the ocean

Microbial contribution (%) N2O flux (Tg N2O-N/yr)

Zones AOA AOB HDN NDN AOA AOB HDN NDN Total

Global
oceans

34.1 4.8 56.1 5.0 1.0 0.1 1.6 0.1 2.9

ODZs 29.8 2.2 63.3 4.7 0.5 0.03 1.0 0.1 1.6

other
parts

39.4 8.1 47.2 5.4 0.5 0.1 0.6 0.1 1.3
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isotope data from oceans (2000–2024). Data compilations were
restricted to journal articles where the δ15NBulk, δ18O, and δ15NSP

values of N2O are available. Isotopomer ratios of a sample
(Rsample) are expressed as per mil deviation from 15N/14N and
18O/16O ratios of the reference materials (Rreference), atmospheric
N2, and standard mean ocean water (SMOW), respectively. δ15NBulk

=[(15N/14N) sample/(
15N/14N) reference−1] × 1000‰; δ18O = [(18O/16O)

sample/(
18O/16O) reference−1] × 1000‰. The 15N site preference

(δ15NSP) is the difference in isotopic 15N content between the
central (α position) and the terminal N atom (β position) in the
asymmetric N2O molecule21, where δ15NBulk = (δ15Nα + δ15Nβ)/2,
δ15Nα = [14N15N16O]/[14N14N16O], δ15Nβ = [15N14N16O]/[14N14N16O],
δ15NSP = δ15Nα-δ15Nβ. Only field observations were collected, and
simulations in the laboratory were excluded. In total, our efforts
identified approximately 1000 lines of marine data with geo-
chemical profiles of DO and N2O concentrations and isotopic
signatures (δ15NBulk, δ18O and δ15NSP, Supplementary Fig. 1–11). The
raw data are available in the Supplementary Data 1.

Source‒sink boundary of N2O
According to the geochemical profiles of DO and N2O concentration
(Supplementary Figs. 2–11), N2O exhibited a perfect mirror-image
relationship with DO and reached its highest value at the lowest point
of oxygen in oxygen-stratified oceans11,22. The lowest point of oxygen is
defined as the source‒sink boundary of N2O. The water column above
the boundary was identified as the source; below it, the water column
did not contribute toN2O emissions due to the significant reduction of
N2O and acted as aN2O sink. Due todrastic changes inDO in the ocean,
the boundary values of DO and depth evolve synchronously in differ-
ent marine habitats. Therefore, explaining the emission mechanism of
N2O at a fixed depth is difficult. Along the direction of the con-
centration gradient, a comprehensive grid-by-grid (1°) traversal of DO
up to 5000m was conducted globally to determine the depth where
oxygen reached the lowest point in each grid (World Ocean Atlas,
https://www.ncei.noaa.gov/products/world-ocean-atlas). With a reso-
lution of over a million grids being traversed, the distribution and

depth of the source part were finally determined. The areas with
minimum O2 ≤ 10 μΜ are defined as ODZs (Supplementary Fig. 1,
Supplementary Figs. 2-5), which consist of a mixed layer (ML), upper
oxycline (UO), ODZ core (OC), and lower oxycline (LO). In other
oceans, the N2O peak was also observed at the lowest point of oxygen
(Supplementary Fig. 1, Supplementary Fig. 6–11), although the
boundary DO ranges from 10 μΜ to more than 300 μΜ.

Keeling plot analyses
Each microbial process contributes differently to N2O in the ocean,
thereby leading to differences in the in situ N2O isotopic signatures (i.e.,
δ15NBulk, δ18O, and δ15NSP). However, the exchange of N2O across air-water
boundaries alters the microbial isotopic signatures of N2O in the
ocean13,37. To avoid bias derived from atmosphere-water exchange,
Keeling plot analyses were applied to obtain the microbial isotopic sig-
natures of N2O

38. It assumes that the observed isotopic compositions is a
mixture of atmospheric background values and the contributions from
in situ microbial activity (Eq. 1-3), if the N2O produced by the microbial
processes have a constant signature throughout the water column of
interest. Under this assumption of simple two-end member mixing, the
isotopic composition of microbially produced N2O is represented as the
y-intercept value in the source part (Supplementary Fig. 13–22). It is
worth noting that the atmosphere–water exchange was neglected for
coastal waters because of the influence of upwelling13. Keeling plot
analysis was also unsuitable for the ODZ core, as N2O consumption
other than mixing is the dominant process in this zone13.

N2Oobserved

� �
= N2Oatmosphere

h i
+ N2Omicrobial

� � ð1Þ

δobserved* N2Oobserved

� �
=δatmosphere* N2Oatmosphere

h i
+δmicrobial* N2Omicrobial

� �

ð2Þ

δobserved =
1

N2O
� �

observed

* δatmosphere � δmicrobial

� �
* N2Oatmosphere

h i
+δmicrobial

ð3Þ

Fig. 3 | Global distribution ofN2O flux (kgN-N2Oha−1 yr−1) in the ocean.The global oceanicN2O flux is 2.9 TgN2O-N/yr, whichwas calculated byAOA-producedN2O flux
and its proportion to total amount in each grid (N2OAOA/fAOA). Source data are provided as a Source Data file.
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where [N2O] represents nitrous oxide concentration (nM) and δ is the
isotopic composition (either δ15Nbulk-N2O, δ

18O-N2O, or δ
15NSP), and the

subscripts indicate whether the observed signal is from atmosphere or
microbial N2O.

Microbial source partitioning by FRAME
N2Omicrobial sources can bequantified by distributing in situ isotopic
signatures to each microbial process38,39. The software for the stable
isotope Fractionation and Mixing Evaluation (FRAME, mal-
ewick.github.io/frame) has been developed for simultaneous sources
partitioning and fractionation progress determination19. Importantly,
N2O may undergo reduction processes, which can significantly alter
their original isotopic signatures40. During reduction, the δ15NBulk, δ18O
and δ15NSP values of N2O in unreacted N2O increase with the iso-
topocule fractionation constants41. Hence, the source partitioning
should be combined with the potential isotopic fractionation of N2O
during its reduction to N2. In this study, the isotopic N2O values
obtained from Keeling plot, the corrected isotope signatures of the
microbial sources, and the isotopocule fractionation constants (i.e., εN:
−15.4 ± 4.7, εO: −7.1 ± 2.1, and εSP: −5.9 ± 1.4) for N2O reduction process
were input to the model. As δ15NBulk and δ18O are dependent on the
substrates, exchange of O-isotopes between H2O and precursors of
N2Oalsoperturbsδ18OofN2O,we adopted corrected isotopic values to
avoid bias from precursor substances19,40–42. The precursor isotopic
signatures (δ15N-PON, δ15N-NO3

-, and δ18O-H2O) were taken into
account in FRAME43,44. Because it is rare to obtain the isotopic values of
NH4

+ due to its low concentrations in oceans, the nitrogen isotope of
particulate organic nitrogen (PON) minus the isotope effect (εminer,
approximately −1‰) was used as the background isotope value of
ammonia39. εminer is the isotope effect of nitrogen during the miner-
alization of phytoplankton. The ε15NBulk, ε18O, and δ15NSP values of N2O
for each process and substrates of N2O (PON, NO3

−, or H2O) were
found in the literature (Supplementary Table 1-2). These values are
obtained from common nitrifiers and denitrifiers, which have been
widely used in the N2O source partitioning of ocean and inland
waters22,39,43,44. The literature values are given as isotope effects
(ε15NBulk, ε18O), εN2O/precursor = δN2O − δprecursor. The input endmember
values are corrected with the actually measured precursor values,
δN2O_endmember = εN2O/precursor + δactual precursor. Specifically, the cor-
rected δ15NBulk (‰) endmember values for AOA, AOB, and NDN depend
on the value of δ15N-PON + εminer, whereas δ15NBulk (‰) for HDN
depends on the value of δ15N-NO3

-. The δ18O endmember values for
HDN and NDN depend on the δ18O-H2O. The actual isotopic signatures
of the substrate in each region are summarized in Supplementary
Table 2.

The contributions from the four major processes, ammonia-
oxidizing by archaea (AOA), ammonia-oxidizing by bacteria (AOB),
nitrifier denitrification (NDN), and heterotrophic denitrification (HDN)
to N2O production, and the degree of N2O reduction were analyzed
using the Monte Carlo modeling tool FRAME19. Importantly, fungal
denitrifiers are not considered in this study, which generally play sig-
nificant roles in acidic environments and are rarely detected in alkaline
oceans45. For now, we can get the quantified microbial sources (fn, n =
HDN, NDN, AOB, AOA) and the fraction of residual unreduced N2O
(rN2O). The detailed and step-by-step calculation can be found in the
Supplementary Informations.

Ammoxidation-based isotopic model for global N2O estimation
In oceans, ammonia oxidation is performed mainly by AOA and AOB:

½NH4
+ �×FAOA × YAOA × rN2O : ½NH4

+ �×FAOB ×YAOB × rN2O = f AOA : f AOB
ð4Þ

where [NH4
+] is the ammonia oxidation amount, F is the proportion of

ammonia oxidation by AOAor AOB (FAOB + FAOA = 1), Y is the N2O yield,

the averageN2O yield for AOA is0.062% (0.019%, 0.089%), and that for
AOB is 0.124% (0.075%, 0.180%) in the ocean (Supplementary
Fig. 27)46–53; rN2O is the fraction of residual unreducedN2O; fn (n =HDN,
NDN,AOBandAOA) is thequantifiedmicrobial sourceofN2Oobtained
via the FRAME.

As FAOB + FAOA = 1, we obtain:

FAOA =
1

1 + YAOAfAOB
YAOBfAOA

ð5Þ

FAOB =
1

1 + YAOBfAOA
YAOAfAOB

ð6Þ

Now, we can obtain the N2O amount produced by AOA and finally
calculate the total amount of N2O emissions.

N2OAOA = ½NH4
+ �×FAOA ×YAOA × rN2O ð7Þ

N2Ototal = ½NH4
+ �×FAOA ×YAOA � fAOA × rN2O ð8Þ

Once the N2O emissions from AOA have been calculated on the
basis of the ammonia oxidation amount [NH4

+], the proportion of
ammonia oxidation by AOA (FAOA), the N2O yield (YAOA), and the
fraction of residual unreduced N2O (rN2O), the total N2O emission can
be obtained according to its contribution to the total emissions fAOA.
The next step is to estimate the amount of ammonia oxidation in each
grid (1°) of marine systems. Generally, nitrate accounts for as much as
88% of the dissolved inorganic nitrogen (NH4

+, NO2
-, and NO3

-) pool,
and ammonium remains at low levels or even below detection limits54.
Whenever NH4

+ is input or produced, it is oxidized or assimilated
immediately. That is: ammoxidation amount = the external input of
NH4

+ + the mineralization of organic-N - the amount of NH4
+ assimi-

lated by phytoplankton. The organic-N are mainly derived from the
external input (NH4

+ and organic-N) and the phytoplankton assimila-
tion (from NH4

+ and NO3
-). Therefore, the annual ammoxidation

amount equals the sum of the external input and the phytoplankton
assimilation from NO3

- in a year scale. In other words, when NH4
+ is

assimilated by phytoplankton, it doesn’t experience the ammoxidation
process. Therebywedidn’t account for assimilation ofNH4

+ byprimary
producers.

The external inputs of ammonia, including atmospheric N
deposition55, ammonia volatilization56, nitrogen fixation57, and terres-
trial N inputs (from rivers57 and groundwater58), were integrated to
estimate ammonia oxidation. Specifically, atmospheric N deposition,
including rainfall and dust fall, transports considerable quantities of
nitrogen compounds into the ocean. Ammonia also escapes from
surface water to the atmosphere, which is particularly significant in
shallow andwarmwaters. Nitrogen fixation could increase the amount
ofN available in the ocean, particularly inoligotrophicwaters. Affected
by agricultural runoff, industrial discharge, and domestic sewage, riv-
ers and groundwater also increase the nitrogen concentration in
coastal waters. These processes directly impact the marine nitrogen
cycle, increasing the potential substrate for ammonia oxidation.

In addition to external inputs, the internal N cycle also plays a key
role. The growth, death and mineralization of phytoplankton provide
never-ending NH4

+, NO3
-, and organic matter for the continuous pro-

duction of N2O. The net primary productivity (NPP) is calculated from
available dataset59. As phytoplankton take up nutrients at an average
ratio of approximately 106C:16N:1 P (Redfield ratio)60, we can obtain
the organic nitrogen produced from the NPP. The so-called Redfield
ratio is the stoichiometric ratio of essential elements in average phy-
toplankton biomass. Subsequently, the phytoplankton assimilation
amount from nitrate was obtained based on the absorb ratio of NH4

+/
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(NH4
+ +NO3

-) in specific areas61. Considering the efficiency of miner-
alization (70%) and sedimentation (15%) of organic matter to the deep
sea30,62, the amount of internal ammonia was ultimately obtained. The
detailed method for the calculation of primary productivity is repre-
sented by the following equation:

∂Pðx, tÞ
∂t

=dr � ∇2P x, tð Þ+ cP � NPP x, tð Þ � dec � P x, tð Þ ð9Þ

where Pðx, tÞ denotes the primary productivity varying with space x
and time t. The operator ∇2 is the Laplacian, which represents the
second spatial derivative. dr represents the diffusion rate of primary
productivity in space63, cP represents the contribution of NPP to pri-
mary productivity64, dec represents the natural decay of primary pro-
ductivity over time65, and the photosynthesis and respiration
processes were simulated for each grid based on environmental
parameters such as light and temperature, which decrease with ocean
depth. These coefficients are calibrated via heuristic algorithms.
Depending on the specific problem, either Dirichlet boundary condi-
tions (fixed boundary values) or Neumann boundary conditions (fixed
boundary derivatives) can be chosen66.

In this specific calculation, we used a three-dimensional grid to
represent the marine environment, and each grid (0.1°) repre-
sented a sea area with a specific depth. The basic parameters, e.g.,
water temperature67, pH68, salinity69, and oxygen70, were input,
alongwith the external and internal inputs. The XGBoost algorithm-
based downscaling approach was applied to enhance the spatial
resolution. The calculated depthwas determined on the basis of the
source‒sink boundary of N2O, with the boundary depth ranging
fromapproximately 300m in theODZSs to 2000m in other oceans.
As depth increased, the oxygen content, light intensity, tempera-
ture, salinity, and primary productivity exhibited dynamic changes
that significantly impacted themicroorganisms’metabolic rate and
ammonia oxidation process. The reaction rate was adjusted to
ensure that the model could accurately reflect the ammonia oxi-
dation process at different depths and under different oxygen
conditions. Further details for specific formulas and parameters are
available in the Supplementary Informations and the Supplemen-
tary Code 1.

Data availability
The data generated in this study are provided in the Supplementary
Data 1. Source data are provided with this paper.

Code availability
The codes of this study are available in Supplementary Code 1.
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